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™= P««at invention relates to constructs and methods tor 
Che generation, detection, and isolation 
5 possessing a d.sir.<i ■ , »°°"tion of enzynres 

particular it relates^""' '~ ""l^^'^" "tivity. m 

10 inventioh peLits thT 

^-uono/t^ nurcjitr^ur^-- - 

individual residue, at '. K ' ""^ «l'-ration ot 

«r::o;tr'e:":"::":r,.r"::^"""."""-'-"« 

JO microorganisms h»,h„ • screening of mutant 

wells. m1rth^?>. ' ""P""" (C^.*ningha. and 

^ig»a;C"derndr::r:::;Lrtr:f"^^"r ^ 

'.X Phage display ,„ar.s et Z X r.L ':^'^'^^ 
generation of polypeptides wit. tailored functions 

tatibody fragments have been «5.ressed bacteriallv anrt 
bacteriophage (phage, display repertoires by £„sil to oh 
coat proteins, in particular tt.1 »• ^"'^^ 
subsequent selection of T °°" 

30 isolation Of Moh • '° ""h antigen has allowed the 

Tgerr^'iar'"' r*^"^^ °' '-^ ^^^^v 

" cloL mea„: 'iz TC^-.-'^orti-^t^rdTf^^^^^^ 

certaxn polypeptide chain are cloned inr« 
genome of filamentous phage or constructed as phr^:":: Z 
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expressed as a fusion protein with the phage coat protein. 

This library is then selected by panning to the ligand of 
..interest; after extensive washings and elution, those phages 
■expressing a binding variant are rescued by infection of 

bacteria. Multiple rounds of selection allow the isolation 
^ of very rare phage (<I/10^) . 

Phage display has also been used as a tool to investigate 
the relative efficacy of signal peptides, to evaluate the 
individual contribution of each residue of an epitope, and 
to refine the properties of such biological molecules. For 
example, phage display has been used to isolate zinc finger 
1 domains with altered DNA-binding- specificity, improved 
hormones and novel inhibitors- 



15 



vThe generation of novel enzymes, or enzymes with improved 
..function has proven more difficult. The main obstacles in 
-this case are associated with methods of selection. In 
nature, new enzymes arise through random mutation and 
20 Darwinian selection. Initial attempts to mimic this process 
.used mutant microorganisms, selecting for increased enzyme 
-activity by growth advantage (Cunningham and Wells, 1987) . 
More recently, both alkaline phosphatase and trypsin have 
been displayed on the surface of phikge, and have been shown 
25 to retain their catalytic activity (McCafferty et al., 1991, 
Corey et al.. 1993). Such phages have been enriched by 
binding to suicide inhibitors that bind irreversibly to the 
protein, Soumillion et al. , 1994 ' desciribe incubation of 
phage displaying a l9-lactamiase with a /?-lactamase suicide 
30 inhibitor connected by a spacer to a biotin moiety. Active- 
phages were selected by binding and elution from 
streptavidin- coated beads. Such a procedure suffers from the 
drawback that a suicide inhibitor or a transition state 
analogue must be available for the reaction of interest. 
35 This is not generally the case. Moreover, indirect 
selections result in low rate accelerations. A direct 
selection for the desired catalytic activity would yield 
better results. 
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According to the present invention, there is provided a 
method Of isolating an enzyn,e having a desired chemical or 
.. bxologxcal activity the method comprising :- 

a) linking the enzyme to a substrate for the enzyme; 
Lr?""^ With , the substrate such that a 

product xs produced Which remains linked to the enzyme.- and 

pUuc/iH T ""'^ ^ selectively isolating the 

... product linked to the enzyme. 

IP According to a further aspect of the present invention there 
, xs also_providea a composition comprising an enzyme linked 

r^act h"" '"^^^ '"^^^ ^ Of the . 

reactxon between the enzyme and the substrate. 

««h«^ . .a<^<^elerating the rate of conversion of a 
.substrate . to a product, such that the product of the 
•reaction is distinguishable from the substrate. Preferably, 
the enzyme comprises a polypeptide. 

20 

, The conversion „£ the^ substrate to the product ™ay comprise 
. ^Physwal or chenic.l change. Por example, the conveys c' 
™.y comprise the modification, addition. or removal of one or 
2S ~rd.T"""""^'- "°S"^'=*"<>n o£ the substrate includes 
a^y^spyoportxon. rearrangement or isomerization that l^nds 
sZl'T "'r"'" " "^ " those o£ the 

alon : ; ■«y also be through 

With a « — 

With a substrate such as a protein may result in tL 

in tl^-^:' ° ""^"-^ °' ^''^"^ conformational chal^ 

product from the substrate within the lifetime of the 
confomattonally-altared state. 

3S m an alternative embodiment, the substrate may comprise a 
po ypeptide linked to the enzyme via a peptide bond i" : 
fusion protein. Knowledge of the position of the active site 
in the tertiary structure o, the enzyme may allow the 
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introduction of DNA encodihg a peptide substrate into the 
gene sequence of the enzyme. Most commonly this will be 
introduced at the carboxy or amino terminus end of the 
enzyme, but can also be included as a "window loop. When 
5 the substrate is converted intramolecularly to product, this 
remains bound to the enzyme and allows isolation of the 
enzyme. 

In the present invention the substrate is physically or 
chemically linked tp the enzyme such that upon reaction of 

10 the , enzyme with the substrate. the substrate. and 
subsequently the product remains physically or chemically 
linked to the enzyme. By maintaining a. link between the 
enzyme and the product, the product provides a "handle" by 
.which active . enssyme may be isolated from the reaction 

15 .mixture. The present invention permits, for example, 
separation of active enzyme from enzyme libraries. Further 
rounds of selection. may be used to select for. enzymes with 
ia^roved or modified activity. . 

The substrate may be linked to the enzyme by any suitable 
20 means which permits reaction of the enzyme with the 
substrate. Preferably, the enzyme and substrate are linked 
by a flexible linker which permits association of the 
; substrate with the active site of the enzyme, reaction of 
the enzyme with the substrate to produce the product and 
25 subsequent dissociation of the product from the active site 
of the enzyme. Preferably, the substrate/product is linked 
to the enzyme at a site outside, but in the vicinity of the 
active site of the enzyme in a manner that interferes 
minimally with the chemical or biological activity of the 
30 enzyme. 

By "active" site of the enzyme is meant the region in the 
tertiary structure of the protein at which conversion of 
substrate to product takes place. 

The linker may comprise a covalent linker such as a 
35 hydrocarbon chain, an aliphatic, heteroaliphatic, aromatic 
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or heteroaroroatic chain, a polvmerir. oh^<« 
or nucleic acid chain ^^'^"^^^ a polypeptide 



UnJcer is Lara at W li vT'^' °' "^"^^ ^ '^^^^^-^ 

and .nzy^e.^Mratr^'t/rr''^^^^^^ 

particularly useful for the L i • ^« 'therefore 

a very slo/reactl tU ^"^^^^ "^^^'^ 

10 .... * 

The linker may be linked ^r^ i-k^ 

ret, rnrr:-r" - 

15 via functional enzyme Via a pepcid, linkage or 

. acid, or the p;„/,r« . ° °' ■^'■^ 

The cysteine residue possesses a 
20 particularly suitabl// ^''^"P ^"^ '^^"^ 

- the- invention . varietv'r" '° '"^^ ^^^^ 

With the th.o" ^ro:;^^'::^ ^^^^ ^^^^^"-^^ 

«.T., Moreover Z , 

Phages do not Zerai ; I ^° ' °' filamentous 

25 theL su^fa^s %rr' r ^^^^ exposed on 

uncommon in ^rod^eT l^'l^^^lr^'-^ ^" 
cysteine in the vicinity !f * mutation to 

allow the specific ctllent l ^' ""'"^ ^'^^ 

30 an approprLe thioTr^^^^^^^^^^^ 

non-specific linkino\ I ^ ''"''^ ''"^^ °^ no 

P citic linking to other residues of the antit^ 
the phage particle. antibody or 

The linker or part thereof may be produced a« . • 
35 protein with the enrvm« m ^ P^auced as a fusion 

tne enzyme. Methods of conat-mr^t- « ^ 

:r nrrirr~ ™* ---^.r^iT^r 

8e or Skill in the art as illustrated, for exam^i 
Sarabrook et al. (1989). '^oj^ example, m 
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According to a preferred embodiment of the invention, the 
linker comprises a binding pair. As used herein, the term 
: binding pair refers to any pair of molecules capable of 
releasably binding to one another. Incorporation of a 
5 binding pkir as part of the linker between the enzyme and 
substrate/product or as the linker itself is advantageous in 
that it permits easy linkage of the substrate or a modified 
substrate to the enzyme. It also permits ^asy release of the 
enzyme from the product after purification. Preferably, 

10 association and dissociation of the binding pair takes place 
under defined conditions such as temperature, concentration, 
.'solveiit, ion concentration, such that linking, and cleavage 
of the enzyme and substrate/product may be controlled by 
modification of the condiitions. 

15 • • •. • ^- . : . 

Preferably, the enzyme and all or part of the linker 
comprise a fusion protein. Most preferably, the fusion 
protein comprises a fusion of the enzyme and calmodulin. By 

; joining the substrate for the enzyme to a ligand for 
20 calmodulin, the substrate may be linked to the enzyme by 

-means of the cslroodulin-ligand binding pair interaction. It 
will be appreciated that each member of , any binding pair, 
such as the calmodulin- ligand binding pair, may be used 
interchangeably with its counterpart . Thus, the enzyme may 
.25 be linked to calmodulin and the substrate linked to a 
calmodulin ligand or vice versa. 

A particular feature of the jpresent invention is that it 
permits selection and isolation of an enzyme on the basis of 
its phenotype (ie enzymatic activity) while coupled to its 
corresponding genotype {4.g. DNA encoding the enzyme). 

Thus, according to a further aspect of the present 
invention, there is provided a method of isolating DNA 
35 encoding an enzyme comprising linking the enzyme to a 
substrate for the enzyme; reacting the enzyme with the 
substrate such that a product is produced which remains 
linked to the enzyme; and isolating the enzyme by 



30 
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selectively isolating .the product linked to the enzyme; 
wherein the enzyme . is further linked to DNA encoding the 
enzyme . 

5 The enzyme may be displayed, on the surface of a support 
containing a DNA sequence encoding the enzyme. The support 
may comprise any suitable cell, phage or particle capable of 
. containing a DNA sequence encoding the enzyme, expressing 
the DNA encoding the enzyme and displaying the enzyme on its 
10 surface. Suitable host cells include eukaryotic or 
. prokaryotic cells such, as bacterial, mammalian, yeast and 
baculoviral systems. Suitable bacterial cells include B. 
, coJi and many others. Suitable mammalian cell lines 
available for expression of a heterologous fusion peptide 
include HeLa cells, Chinese hamster ovary cells, COS cells 
and. many others. The choice of cell line will be dependent 
on the particular characteristics of the expressed, protein, 
and the levels of expression required. Suitable particles 
include viral and retroviral systems, such as baculovirus. 
and phage particles. 



15 



20 



. ; • - . r 

•Preferably. the support comprises a filamentous 
bacteriophage. Filamentous bacteriophage may be used to 
display the enzyme by fusion of the. enzyme to a coat protein 
25 such as the minor g3p (Smith, 1985; Bass et al.. 1990- 
Mccafferty et al., 199 0>. minor gSp (Jespers et al., 1995) or 
major (gSp) (Kangetal., 1991) coat proteins. 

The gene encoding the displayed enzyme can be isolated by 
30 selecting for the enzyme product which is linked to the 
enzyme which in turn is linked to the phage particle which 
comprises the gene. The gene may be amplified by growth of 
the phage. 



35 The isolation of active enzyme may be performed by any 
method that allows separation of the enzyme product from 
unchanged enzyme substrate. The method may comprise chemical 
or physical separation techniques. 
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The physical properties (such as solubility) of the 
substrate and product may be sufficiently different that 
direct physical separation of the enzyme -product conjugate 
from the enzyme -substrate conjugate is possible. The 
5 difference in the physical properties may be enhanced by 
selective chemical modif fcatibn or" derivatisation of the 
venzyme -product conjugate or enzyme-stibstrate-cdnjugate 
(Illangaseicare et al., 1995). Alternatively, separation may 
be accomplished by selective chemical reaction of the 
10 -enzyme -product conjugate 6r eniyme-substrate conjugate with 
V a reactive chemical moiety bound to a solid matrix (Lonsch 
Szostak, 199i^J . - ^ 

A site for; cleavage, for exampife by a' specific protease, may 
15 be incorporated in the linker : Suitable proteases include 
Factor Xa (EP 0 161 937) and enterokinase (EP 0 035 384). 
This provides a means for the release of the enzyme from the 
-product following purif icatioh. 

20 Where the enzyme -product conjugate and enzyme -substrate 
conjugates are linked to cells or particles such as phage 
particles, they may be physically separated for example by 
the techniques of antit)Ody panning, resetting, 
agglutination, precipitation 6r by fluorescence activated 

25 cell sorting (FACS) . ^ 

Preferably, enzyme -product conjugate and enzyme-substrate 
conjugate may be separated by biopanning on immunotubes 
coated with a suitable affinity reagent, or by affinity 
chromatography using a solid matrix to which is bound an 
affinity reagent, such as an antibody, capable of 
selectively binding the enzyme -product conjugate or the 
substrate -enzyme conjugate (Tawfik et al., 1993; Tawfik et 
al., 1997). The affinity matrix may comprise any suitable 
35 solid support such as a resin, beads or any other 
conventional matrix. The affinity matrix may selectively 
bind the substrate- enzyme conjugate such that the product - 
enzyme conjugate remains in the elute. Preferably however, 



30 
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the affxnxty reagent selectively binds the product -en2y™e 
conjugate such that the substrate-enzyme conjugate is 
completely removed by washing. The. product ^ enzyme conjugate 
may be recovered from, the] affinity, matrix by use of 
5 appropriate desorp^on .conditions, such ae low pH. raised 
salt concentration or competitive. binding. 

;^ere the enzyme is linked to the product via a binding 
10 i ^"'"^^ "^^ released, from .the affinity matrix 

10 under conditions which cause dissociation pf the binding 

ILl^t"^ '"'"''^ °' ^"^^ *>i»<^-g pair 

15 !f ^. t""^ survive the enzymatic conversion 

strateL r"'' " '"^ Product and the purification 
affinl!^ 7 T Of product. The binding 

defilT- •"^'"bers of the binding pair .ay b! 

defined in terms of the dissociation constant (K,) for the 
interaction wherein: 'm cne 

20 

where k„ is the kinetic association 
constant of the reaction 

25 

and is the kinetic dissociation constant of 
the reaction 

Preferably, the binding peir emplpyed in the present 
30 invention ha. a disaociation conatant (K,. of iO ^ or leaa 
~r. preferably ln« or less, ^sured at a pH of between 6 
and 9 at 20* C. wecween 6 

35 thriin^'"'''' "-t^ity Of the asaociation of 

35 the binding pair „,y be .eaaured. This may be defined in 

term. Of the halt-life t. of the co.^i.x in condit "ns of 

irreversible dissociation wherein- 
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•The half -life of this interaction should be of sufficient 
length to allow for the conversion of substrate to product, 
5 and purification of product. Preferably, the half -life of 
the interaction is at least 15 minutes, preferably at least 
one hour. 

Examples of binding pairs that may be used in the present 
10 :;invention include an antigen and an antibody or fragment 
thereof capable of binding the antigen, the biotin- 
streptavidin binding pair, a protein and an inhibitor 
capable of binding the protein such as ah RNase and an RNase 
V inhibitor (eg RNasin or barstar) and a calcium -dependent 
15 binding polypeptide and ligand thereof/ 

Preferably, the binding pair comprises a calcium-dependent 
binding protein and ligand thereof, wherein the binding of 
the protein and ligand is dependent upon the concentration 

20 of calcium ions. By this is meant that the dissociation 
constant for the ligand is reduced in the presence of 
calcium ions, that is, binding is much stronger in the 
presence of calcium ions. For the applications described 
herein it is preferred that this reduction is at least ten- 

25 fold where the binding protein has one tenth of its calcium 
binding sites occupied. Preferably; the dissociation 
constant is greater than lOnM in the absence of calcium ions 
and lOnM or less in the presence of calcium ions, preferably 
. InM or less, at a pH of between 6 and 9 at 20' C. The mutual 

30 affinity of the binding pair may be modulated by the 
addition of calcium chelators such as EGTA, or EDTA. For 
some calcium dependent binding proteins, other analogous 
ions may replace calcium, for example strontium. 

35 The calcium-dependent binding protein of choice is 
calmodulin, a small protein of 148 residues. Calmodulin is 
very resistant to denaturation and contains no disulphide 
bridges within the protein sequence, meaning that it can be 
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expressed in bacteria and phage. Several proteins, peptides 
and organic compounds bind to calmodulin with high affinity 
(nM or sub nM). These ligands include, calmidazolium. 
melittin, NO-30, AC-28, melatonin, (skeletal) myosin light 
.5 chain kinase, and mastaporan. The latter two and their ^ 
. derivatives are the preferred ligands in this application, 
since they both show high affinity for calmodulin, and the 
interaction has a long half -life, in addition, derivatives 
. of these peptides in which substitutions replace wild type 
10 residues have been recently discovered. (Montigiani et al.. : 
1996; Tdrok and Trentham, ia94 ; O'Neal and DeGrado, 1989). 
Due to their helix-forming properties, such peptides bind to 
calmodulin with even greater, affinity than do the wild type 
, substrates, and thus are preferred candidates for use in.. 
15 this application (see Neri et al. (1996) J. Mol. Biol, in"- 
press and copending International Patent Application 
-Calcium dependent binding ligands- in the name of the- 
Medical Research Coucil filed on the 25th April 1997; the 
disclosures Of which are incorporated herein by reference) . 

Other calcium-dependent binding proteins include troponin C. 
calcineurin, parvalbumin and oncomodulin. In addition, 
fragments, and derivatives of calcium dependent binding 
proteins that retain binding activity may be used. The term 
"derivative" includes variants .. containing amino acid- 
deletions, substitutions, or insertions. 



20 



25 



Preferably, the enzyme-linker conjugate is produced by 
expression from gene fusions. Nucleic acid encoding such 

30 molecules is provided by the present invention. Suitable 
vectors for the expression of such molecules can be chosen 
or constructed, containing suitable promoter sequences 
enhancer sequences, ribosome binding sites, expression 
signals, polyadenylation signals, termination sequences, 

35 signal sequences, and appropriate marker genes. Host cells 
may then be grown in culture in . vitro to cause or allow 
production of the fusion molecules. 
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10 



The enzyme -calmodulin fusion protein of the present 
invention is linked to its encoding nucleic acid via a 
support. A support may be any species that allows the 
linkage of the enzyme to the nucleic acid that encodes it. 
This allows the simultaneous isolation of the Encoding gene 
when the product of successful catalysis is identified, 
bound to the active enzym%. • 

Preferably, enzyme is displayed oh the 'surf ace of phage. 
Phage is the preferred hokt fo^ a number of reason^: Fir^t, 
...as discussed above, large expression libraries may be 
. generated by packaging 6f DNA into phage particles. Gene 
•libraries encoding up to lO' unique protein species may be 
:;produced. from, any organism, tissue, cell type, or 
15 developraehtal stiage. Second, fusion to a coat protein allows 
display of the enzyme to the surrounding' medium. Thus, the 
active site is readily displayed to thfe substrate-ligand 
complex. Third, phage can be easily analyzed and clonally 
selected through infection and plaque assays. Also, once 
purified, a clonal phage population, can be amplified to 
produce a high titre of infective units. The high 
infectivity that phage display towards bacteria allows the 
preparation of large amounts of phage-encoded protein within 
a specific bacterial strain. 



20 



25 



30 



The enzyme is displayed on the surface of phage by fusion to 
a phage coat protein. A preferred coat protein is the tail 
protein, pill (Smith, 1985; Bass etaJ., 1990, McCafferty et 
aJ., 1990) . Other fusion partners can be pvill (Rang et al.. 
1991) , or pVl (Jespers ec al., 1995) . The enzyme-calmodulin- 
plll protein is produced by genetic fusion to the 3' end of 
the phage coat protein gene. A substrate -enzyme conjugate 
may be formed by binding the calmodulin -enzyme fusion to a 
ligand-substrate fusion via the calmodulin- ligand binding 
35 pair interaction. 

The isolation of active enzyme may be performed by any 
method that allows the "capture" of product. In the 
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, pr.t.r«d e^bodim^t o£ th. invention, affinity separation 

library that bind a target immobuized on a solid .Mtrix 
^ Thx. target speciflcaUy bind'a the product of the ca'lvaed 
5 reaction. Thus, inactive phage are washed frbn, 
; 3- „t .,„tion Of ectL pharauZ e^TLV 

i"::::::: oTbarr tr:ire --^ 

this approach extre^ly "iJ:!! , 

y be through the use, of vectors encoding nucleic .oil 
• "."rnclr "«-«^vely. U Indivi ua, 

^ Zi.tr^?„d°":^rer:o"'^" 

IS d*.^^^,- . exposed to .mutagenesis using a reoair- 

15 deficient strain of coli rhi^ ^ ^. ■ repair-,,, 
of = u , ^® results in the production 

. .VinaetL; or wiii t\ ' ^^^^^ wiU be 

wild tv,! --'^alytically efficient than the 

Wild type protein. However in i=.v.«^ tw cne 
20 may be produced th.t . l u- ^ Ifbrary, some species 

y «e produced that exhibit improved properties Th««- ». 

characteristics. species with improved 

product Of the r^actio^ """" 

-odified to al/r the ^"'^"^^ parameters may be 

Phage enz»e T " °' ""^ 

Lulat" „ Of plralT"" ""^ ^''--«'> 

30 reaction, pressurr h " '="^rature, time of 

=cmpetit;rs " i„Mbitors""'"H ""'""^ —'rations of 

Un^er between eCetd sTbst™ ttu ^ " 

most active phage convert e k V ""^^ ""^^ 

-uions uL.'annrirthrz^:reTr;ter" 

per cell) allows multivalent display of a 
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. protein derived from one nucleic acid species. Thus, product 
will be detected by the target reagent in conditions of 
higher stringency. In this way phage expressing recombinant 
.;; protein species with lower activities may be isolated. 

Various aspects and embodiments of the present invention are ,. 
illustrated in the following examples with reference to the. 
figures. Further aspects and embodiments of the present 
invention will be apparent to those skilled in the art. 

10 

All documents mentioned in the text are incorporated by 
reference. 

ExamEiasjL. . 

15' ' ^ .. 

Example 1 : Construction of recombinant calmodulin fusion 
proteins 

Initially, test experiments were run to check whether a 
20 calmodulin tag of pDN323 was compatible with protein display , 
on filamentous phage. Linear and cyclic peptides, an 
antibody fragment and three enzymes were cloned into the: 
phagemid pDN323. The structure of this phagemid is 
summarised in Figure 1; it contains a calmodulin-pIII gene 
25 fusion and was constructed as follows. 

The calmodulin gene and gene III of filamentous phage were 
PGR amplified using oligonucleotide pairs cambano/camg3f or 
and camg3back/LMB2, respectively , (cambano: 5' AGT TCC GCC 

30 ATA GCG GCC GCT GAC CAA CTG ACA GAA GAG CAG 3' ; camg3for: 5' 
CTT TCA ACA GTC TAC TTT GCT GTC ATC ATT TGT ACA AAC 3 ' ; 
camg3back: 5' CAA ATG ATG ACA GCA AAG TAG ACT GTT GAA AGT 
TGT TTA GC 3'; LMB2 : 5' GTA AAA CGA CGG CCA GT 3'); 
(94'C{1'} • 55*C(1') - 72"C (2'}, 25 cycles). The resulting 

35 products were gel-purified, then assembled by PCR using 
oligonucleotides cambano and LMB2 (94^C {!') - 55 'C {l'} - 
72*C {2' 25 cycles) . The PCR assembly band of the expected 
size was purified using the Spin-bind kit (FMC, Rockland, 
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ME), then digested with Wotl/£coRl and subcloned ih 
Wotl/EcoRl digested pUC119SNpolyn,yc (Figini et al., 1994). 
to produce phagemid pDN323. 

5 ScFV(^E-23, (Cheater et ai.. X994) and scFv(Di.3) 
(Mccafferty et al.. 1990) were subclpned in the Sfil/Notl 
sites of PDN323, yielding phagemids pDN327 and pSMS 
. respectively.. ^. * 

10 PSDI was^ Obtained by pcr amplification of the calmodulin 
gene wath oligos CAMBANCO and CAMCPOXHO (5' - AGA TCA ATT GCT 
CTC GAG ACC ACA TGC TGT CAT CAT TTG TAC AAA CTC- 3 ' ) which 
append a cysteine containing tag at the C-terminus of 

15 ZlTrl .'"' '"^""^ - t:he 

i5 Ncol/Xhol Sites of pHENl. 

: PPV5. Which allows the display of the FLAG linear peptide 
<Hopp et al., 1988) on calmodulin- tagged phage, was obtained 
io L T "'"P^"^^^"^" primers 1^3 (5'- CAG GAA ACA GCT 

20 ATG AC - 3') and FLAGNOT {5'- GAG TCA TTC TGC GGC CGC CTT 
GTC ATC GTC GTC CTT GTA GTC CTG CAG CTO CAC CTG GGC CAT GG - 
sub\ '"t template, the resulting product was 

subcloned xnto the Hindin/wotl sites of pON323 . 

25 PPV6 was obtained by Pp,. amplification using primers LMB3 

Z^Z"^ ^^'■<^^^TTCT^CGGCCGCACAMNN^«^„HN 
MNNMNNMNNACACTGCAGCTGCAC.CTGGGCCATGG - 3') The 
resulting product was subcloned into the Hindlli/A^otl sites 
Of PDN323. This resulted in a pl.smid library expresai^gl 
30 variety of cyclic peptides displayed on calLlJLg^ed 

PAHI: the catalytic domain of the insulin receptor tyrosine 
)cxnase domain (Hubbard et ai.. 1994) was PCR amplified with 
35 olxgos IRKBANCO (S' - ATC GAC CCA TGG CCC AGG TGT CCT CTG "g^ 

TCA TTC TGC GGC CGC CTC CTC ACT CTC GGG AGC CTT GTT C -3 T 
then subcloned into the the NcoI/WotI sites of pDN323 The 
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same insert, subcloned into the Ncol/Notl sites of pCANTABG 
(Vaughan et al., 1996), yielded vector pAH2. 

pSM6 : the catalytic domain of the Ick tyrosine kinase domain 
5 was PGR amplified with oligos LCKFONOT (5'- ATG CAA TGA TGC: 
GGC CGC AGG CTG AGO CTG GTA CTG GCC CTC -3') and LCKBANCO 
(5'- TCT ATA GCC ATG GCC GAG GTG GAG AAG CCC CAG AAG CCG TGG 
TGG -3'), then subcloned into the Ncol/Notl sites of pDN323, 

10 pSP3: the glutathione S- transferase gene from S. japonlca 
was PGR amplified from vector pGEX-4T( Pharmacia Biotech, 
Piscataway, NJ, U.S.Aj' with oligos GSTBANCO (5'- AAT CGA 
GGC ATG GCC GAG GTG CAG ATG TGG CCT ATA GTA GGT TAT TGG •3' ) 
and GSTFONOTl (5' - GAG TGA TTC TGG GGC GGC GGA TGG AGG GGG 

15 AAC CAG ATG CG -3' ) , then subcloned into the Ncol/Notl sites: 
of pDN323. The same insert, subcloned into the Ncol/Notl 
• sites of pCANTABG (Vaughan et ai:. 1996), yielded vector 
pFV7. 

20 pGANTAB-BE (Se-Ho Kim, Ph.D thesis. Weizmahn Institute of- 
Science, 1997) was a gift from Prof. Zelig Eshhar and Mr. . 
Se-Ho Kim from the Weizmann Institute of Science, Rehovot, 
Israel. This plasmid contains DNA encoding the ScFv portion 
of antibody D2.3. This antibody was elicited by immunisation 

25 with a p-nitrobenzyl phosphonate tranition state analogue 
(NBP) , cloned as part of the pIII filamentous phage coat 
protein gene. 

Figure 2 lists the names of the constructed phagemids, long 
30 with schematic structures depicting the proteins that each, 
phagemid encodes. 

Example 2 : Calmodulin fusion proteins can successfully be 
displayed on phage and the resulting particles are 
35 infectious. 

From the vectors described in Example 1, the corresponding 
phage particles were produced using standard procedures 
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t«r„ «„ obt,l««i ,.xo» transforming units/ml, as 
-asured xn cex™ of colony formlns units by infection o£ 
e^nentaal TCI bacteria, indicating that tbe cal,„duli„ tag 
5 had no deleterioue effect on phage production. 

PunctionaX activity of the proteins displayed on 

" The phage preparations of Figure 1 were , tested for the 
functional activity of hot* ,c.l^ulin and the p^^tel 
displayed on phage, using enzyme-linked i^un^sorbent assays 

is fhage ELISA assay, were performed essentiaUy as described 
.Nissx. et al.. i„4,, but using a ccercially availaMe 

' r,'-='^^"-^-^^»^-^^^-H" -ntibod^ ,cat. ^r 

dltel ■ Wscataway. «j, „.s.a., as 

detecting reagent. Calmodulin binding activity was assayed 
» r. Plates ,cat. Ho. U45 «2 

. Boehringer »^nnheim, Oermany, . which had been incubated fo^ 
^ 10 »>„. at room temperature . Ir. t . ) with 100„1 of a lO -M 
solution of biotin-labeled CAA«RWKlaPIAVSA«,RFKKls peptide 
(Mo„trg..„. et al.. i,«, in phosphate buffered saline BOm^ 
25 phosphate. pH 7.2, lOOmHUaCl- PBSl Th. 

washed fh,— ' ■ plates were then 

washed three times with PBS. blocked for 20 minute, with 2% 
skimmed milk in PBS (2» Mpaai ^ 

PBS ^r.^ ... ' °" """•'^ "^i""" with 

30 SlkTn tb J ^ " ^''i''-'' 

r 1 JT ™ """" '^'ci.' 

* »0;.l phage xn tBSC (io" transforming units/ml,. After 30 
minutes incubation at r t = '^rcer 30 

TBSC . n 1* T plates were washed 5 times with 

TBSC .0.1% Tween-20, and 5 times with TBSC. To each well 

20 3 Ll,^^^^^^^^^^^ added... .ter 

TBSC * o 1* J'"^*''^°"' '^^^e plates were washed 5 times with 
TBSC * 0.1% Tween.20, and 5 times with TBSC. Then plate- 
bound peroxidase was detected with the ready-to-use BM^BlL 
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soluble substrate (Cat. No. 1484281; Boehringer Mannheim^ 
Germany) . Binding in the absence of Cai^* was tested in a 
. similar fashion, but replacing TBSC with TBSE (50mM Tris- 
. HCl, pH 7.4, lOOmM NaCl, 20mM EDTA) in all the steps. 
5 ■ ' * ^ 

For the other BLISA assays, antigens were coated on 
microtitre plates (Cat . No. 'Falcon 3912, Be.cton Dickinson 
Labware, Oxnard, CA, U.S.A.) overnight at r.t, as follows: 
ant i- FLAG M2 antibody (Kodak), S/xg/ml; hen egg lysozyme 
10 (Sigma, St. Louis, MO, U.S.A.), 3mg/ml; "ant i -GST monoclonal, 
antibody GST -2 ascites (Cat. No; G-li60; Sigma), 1:1000 
:= dilution; ariti-lck poiyclonal antibody (2102, Cat: Mo.. 
sc-13; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
U.S.A.), 5^g/ml; p-nitrophenyl phosphonate transition state 
IS analogue conjugated to bovine serum albumen (NBP-BSA; Tawf ik: 
et al, 1993; Tawfik et al. , 1997); 5|ig/ml . PBS was used as 
buffer for the incubation and wash steps as described 
(Nissira et al., 1994). 

20 All the constructs tested were positive in ELISA using.: 
suitable affinity reageihts. ' 

Figure ,3 shows the ElilSA results relative to construct 
pDN323, which displays calmodulin as a gene III fusion.. 

25 Calmodulin- tagged phage DN323 showed binding to a 
\ biotinyiated derivative of peptide CAAARWKKAFIAVSAANRFKKIS 
(Montigiani et al., 1996) in the presence (1), but not in 
the absence (4) of calcium. A non-specific phage (2; 
GST*phage fusion FV7) and use of milk instead of phage (3) 

30 were also negative. Similar results were reproducibly 
obtained with other calmodulin- tagged phages. Phage 
particles not displaying calmodulin did not react in this 
assay . 

35 The presence of enzymatic activity was confirmed for phage 
displaying a glutathione S-transf erase-calmodulin fusion 
(construct pSD3 ; Figure 2), using a standard colorimetric 
assay with glutathione and l-chloro-2,4-dinitrobenzene as 
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reaction substrates (Habig et al.. 1974). The results are 
shown in Figure 4. Negligible conversion to. product occurred 
xn the absence of either glutathione or ^SD3 phage. 

5 E^aw>X^ 4; Stability of the complex between calmodulin 
fusions on filamentous phage and peptide derivatives.. 

The selection methodology relies on a stable complex forming 
between the calmodulin-binding peptide derivative and 
,10 calmodulin. The stability of this interaction was tested in 
two ways . . 

In parallel reactions, phages displaying, calmodulin were 
incubated with biotin- labeled, high-af f inity (biotin- 
. 15 • CAAARWKKAFlAVSAANRFKKlS) and medium-affinity • (biotin- 
CAAARAKKNPIAVSAANRFKKIS) calmodulin binding. peptides 
(Montigiani et aJ., 1996)., 

A 10-* M solution of a biotinylated calmodulin-binding 
20 peptide (CAAARWKKAFlAVSAANRFKKlS or CAAARAKKNFIAVSAANRFKKK 
Montigiani et ai., 1996) .was added to calmodulin -tagged 
phage preparations (10'^ transforming units/ml) in TBSC and 
, xncubated for 10 minutes. . To the resulting mixture; 
2V r^LlT^^ different tubes, unlabeled 

25 CAAARWKKAFlAVSAANRFKKlS peptide.-in 1000-fold molar excess 
(10- M) was added at different times. The fraction of phage 
particles in which the biotinylated peptide had been 
replaced by the unlabeled peptide was then determined by 
ELISA as described above. 

30 

Stability of (calmodulin-tagged phage) /peptide complexes to 
PEG precipitation was checked as follows. A 10-*M solution 
(final concentration) of a biotinylated calmodulin-binding 
peptide CAAARWKKAFlAVSAANRFKKlS was added to iml of 
35 calmodulin-tagged phage do" transforming unit/ml) in TBSC 
and incubated for 10 minutes. To this solution. 20% 
polyethyleneglycol {M,6000) * 2.5M NaCl was added (200^1) 
and the resulting mixture was incubated on ice for 1 hour 
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then centrifuged on a bench ceintrifiige (13,000 rpiri; 5 
. minutes) . . 

The pellet was resuspended inr Iml of TBSC. The titre of the 
phage solutions before and after PEG precipitation were then 
.5 determined. The fraction of phage particles that were still, 
peptide-bound after the PEG precipitation procedure was 
evaluated by ELISA, using a streptavidin- coated plate (see 
. above) . 

The results of a competition assay of (calmodulin- tagged 
10 phage DN323) / (biotin-peptide) complex with a 1000-fold molar ' 
excess of non-biotinylated calmodulin -binding peptide, 
: 'detected, by ELIiSA are illustrated in Figure 5. Squares: 
CAAJ^WKKAFIAVSAANRFKKIS 7 ^ 

Theise results shoy. that only the high-affinity binding 
15 peptide forms a complex stable for more than 2 hours [k^^ 
10-^ s M . 

Figure 6 shows the results of an ELISA assay, illustrating 
the; stability of a calihodulin- tagged phage 
: DN323/biotin-CAAARWKKAPIAVSilJ^ complex upon PEG 

20 precipitation, as detected by ELISA on streptavidin- coated 
plate. The difference in ELISA binding activity between the 
sample before (i) and after (2) PEG ^ precipitation 
.-^ corresponds to a small loi3s in phage titre, as determined by 
E.coli infection and titration. In sample 3, 2% milk in TBSC 
25 wacf used instead of phage. 

Therefore, the calmodulin/ (biotin-CAAARWKKAFIAVSAANRFKKIS) 
complex is stable even after PEG precipitation. This is 
important whenever reactants have to be removed from the 
phage solution before the capture step. 

30 El^cample S: Selection and amplification of calmodulin- tagged 
phage particles. 

We investigated whether calmodulin- tagged phage could be 
rescued and amplified by biopanning using the calmodulin- 
binding peptide derivative biotin-CAAARWKKAFIAVSAANRFKKIS. 
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.5. 



10 



This model compound mimicks the product of a bimolecular 
coyalerjt bond- forming reaction, in which one of the two 
reagents is Coupled to the peptide and the other reagent is 
biotinylated. . ■ ■ . 

Biopanning experiments were performed as described iii 
Example 4. As summarised in Table l, phage displaying the 
glutathione S-transferaee-calmodtilin fiisioh were mixed with 
a 1000- fold molar excess of phage displaying only 
glutathione S- transferase (GST) , and incubated with biotin- 
CAAARWKKAFIAVSAANRFKKIS: the resulting mixture was then 
selected using strept^vidin-cbated niagnetic beads and 
aii?>lified by bacterial infection. 

15 A similar selection es^eriment was performed with phage^' 
. displaying a tyrosine kinase (Table i) . PCR screening of 
infected bacterial colbnies revealed an enrichment factor of 
at least 20,00D:i in a single round of panning. Selection of 
calmodulin- tagged phage at greater dilutions (1:10*; Table 
1) led to an enrichment factor greater than 10«:1 after two 
rounds of panning. This excellent selectivity is the result 
of the high-affinity capture reagent (streptavidin) and of 
the mild and selective, elution protocol used (calcium 
chelation by EOTA) . . 



20 



25 



30 



In Table 1, "input" phages are those used for the selection; 
"output" phages are those recovered after the biopanning 
procedure (but before B.coli amplification). * represents 
phages prepared from pSD3 and pFV7, respectively. E is 
enzyme; GST is glutathione S-transf erase; IRK is the 
tyrosine kinase domain of the insulin receptor; CaM is 
calmodulin. #; the sum of A + B is equal to the total amount 
of colonies screened by PCR. 



35 
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Table 1 



5 . 





INP 


UT 1 OUTPUT 


B-CaM-fd* 
(t,u./ml) 


iicre B 

E-fd* 

(t.u./ml) 


Ratio 
A / B 


Rounds of {Titre 
Selection ;(t.u./ml) 
(enzyine E) { 


Ration 
A / B 


Enrichment 


5 X 10' 


S X 10"* 


1 : 10^ 


1 (GST) Itx 10* ■ 


40 : 0 


S> 4 X 10* 


3 X 10« 


3 X 10" 


1 : 10* * 


T-T h 

1 CIRK) js X 10* 

''^ 1; 


26 : 1 


2.6 X 10* 


1 X 10* 


1 X 10" 


1 : 10* 


2 (GST) [5 X 10' 
— 1 


20 : 0 


> 2 X 10' 


5 X 10* 


5 X 10'® 


1 ; 10* 


2 (GST) j2 X 10' 

— — + — 


20 : 0 


3i 2 X 10' 


6 ic 10* 


6 X 10* 


1 : 10* 


2 (IRK) il X 10* 


15 : 4 


3.8 X 10* 


6 X 10* 


6 X 10'» 


1 : .10* 


2 (IRK) Is X 10* 
t 


11 : 8 


1.4 X 10* 



10 



. Px^tpplQ 6 ; Isolation of phage expressing active enzyme over 
15 inactive phage through selection of reaction product. 

1) Ick tyrosine kinase phosphorylates a peptide substrate 

• The efficiency .of our enzyme selection scheme was tested 
using the catalytic domain of the Ick tyrosine kinase as 
enzyme, a synthetic peptide as Substrate and GST-SH2 fusion 
20- (glutathione transferase -Src homology 2 region) as affinity 
reagent . 

The y505->P mutant of Ick from murine cDNA was used as 
active enzyme. 

The K273->A mutant of Ick from murine cDNA was. used as 
25 inactive enzyme. 

The two catalytic domains were PCR-amplif ied <94*C{l') - 
60*C{1'} - 72*C{2'), 25 cycles) using oligonucleotides 
LCKfonot (5' ATG CAA TGA TGC GGC CGC AGG CTG AGG CTG GTA CTG 
GCC CTC 3' ) and LCKbanco (5' TCT ATA GCC ATG GCC CAG CTG CAG 
30 AAG CCC CAG AAG CCG TGG TGG 3'). which append a Neol site 
and a Noti site at the extremities of the PGR fragment. 
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The fragment was then Wcol/Wotl digested and subcloned into 
the Ncol/Notl sites of phagemid pDN327 (Example i) . The 
corresponding phage particles displaying tyrosine kinase- 
calmodulin-plll fusion on filamentous phage were produced 
5 according to standard methodolbgy (Nissim et al.. 1994). 
Phage particles were positive in phage ELISA, immobilising 
on the plate either biotinylated OAARWKKAFIAVSAANRFKKIS or 

. . a commercially available rabbit polyclonal ant i-lcJc antibody 
(Santa Cru2:Biochemicals) , using protocols similar to those 

10 described in Example i. Enzyfte activity of such phage 
particles was tested usin^ y-»XTP as phosphate donor and 
tyrosine containing specific peptide LUCK-1 and enolase as 
substrates. 

The peptides LUCK+ (EPQXEEIGAARWKKAFIAVSAANRFKKIS) and LUCK- 
15 (EPQEEEIGAARWKKAFIAVSAANRFKKIS) are synthetic calmodulin 

binding ligands that have a short peptide appended at the 

carboxy terminus. LUCk+ is'a substrate for Ick. through the 
, . presence of a tyrosine residue at position 4 in the sequence 

(underlined). LUCK- has a phenylalanine residue at this 
20 position and is thus not a substrate of the Ick tyrosine 

kinase; 

Peptides were synthesized on a solid phase using a model 35.0 
multiple peptide synthesizer (Zinsser Analytic. Frankfurt. 
CSermany) employing Fmoc/t -butyl protecting groups. The Fmoc 

25 group was cleaved by 20% (v/v) " piperidine in^ 
dimethylformamide and successive amino acids were added as 
N-hydroxybenzotriazole esters. The peptides were deprotected 
and cleaved from the resin by 93% trif luroacetic acid; 3% i, 
2-ethanediol; 2% thioanisole; 2% water. Peptides were 

30 analyzed by HPLC using a Vydac C18 column (lo (in. loo x 250 
mm) and by amino analysis (PICO TAG. Waters, Milford, MA) . 

AS affinity capture reagent a GST-fusion of the N-terminal 
SH2 domain of PI 3-kinase was used, subcloned in pGEX vector 
(Pharmacia) and affinity-purified on glutathione agarose 
35 The GST-SH2 fusion was coated on Nunc Immunotubes (4ml. 
lOOMg/ml in PBS) at room temperature overnight. The tubes 
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were then washed and incubated for 2 hours with 3% BSA in 
: phosphorylation buffer (30mM HEPES, pH 7 .4 , iSOmM NaCl, l2mM 
MgClj, ImM sodium vanadate, imM CaClj) . 

5 The selection procedure was tested by incubating lO" 
.transforming units of active phage (Y505->F) , inactive phage 
; .(K273->A) and phage from pSM5 (Example 1) with O.SnM LUCK+ 
in phosphorylation buffer for 1 hour. ATP- was then added to 
a final concentration of 100/iM. After one minute, the 
10 mixtures were loaded onto separate GST- SH2 -coated 
.;: immunotubes and incubated for 30 minutes. The tubes were 
then washed 10 times with TBS + ImM CaClj (TBSC) 0.1% 
Tween-20 and 10 times with TBSC, The phage bound to the tube 
via the phosphorylated peptide was specifically eluted with 
15 -Iml lOmM EGTA in PBS {Neri et al./ 1995) that causes 
dissociation of the peptide ligand from calmodulin present 
in the fusion protein presented on the phage. 

The eluted phage was used to infect expbnentially growing 
20 TGI E. coli cells according to standard procedures (Nissim 
• et al. , 1994) , then plated on selective ampicillin-glucose- 
TY plates. Ampicillin-resistant transf ormants were counted 
and used to calculate the titre of the phage recovered in 
the selection procedure. The titre^ of phage recovered from 
25 the active phage selection was >50 times higher than the 
titfe of phage from the inactive phage and scPv(D1.3) -CaM- 
phage selections. The same procedure performed with LUCK- 
peptide resulted in low phage titres recovered in all three 
cases. 

30 

2) The insulin receptor tyrosine kinase phosphorylatea a 
peptide substrate. 

The efficiency of the enzyme selection scheme was further 
35 proven using the catalytic domain of the insulin receptor 
tyrosine kinase as enzyme, a synthetic peptide as substrate 
and ant iphospho tyrosine antibody as affinity reagent. 
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The phage clone (expressing pAHl) that display the 

plll/calmodulin/kinase catalytic domain was selected against 
another clone *SD3 (expressing : pSP3) that display the 
plll/calraodulin/glutathione-S-transferase fusion. The 
reaction product (phoephotyrosine) was captured with a 
biotinylated a-phosphotyrosine antibody (RC20; Transduction 
Laboratories. Lexington, KY) . As a negative control, the 
e:q)eriment was repeated with but without the peptide 

substrate. 



A peptide was synthesized that is a substrate of the insulin 
receptor tyrosine kinase -and that contains a calmodulin 
binding sequence. As described by Shoelson et aj. (1992) 
the sequence YMNM (underlined) is a very good substrate for 
■< this tyrosine kinase. The C- terminal part of the peptide 
possesises calmodulin binding activity (in bold) . Montigiani 
et al. (1996) have shown that the sequence 
CAARWKKAFIAVSAANRFKKIS binds to calmodulin with a Kq of 2.2x 
10-«M. • 

In order to bridge the distance between the catalytic site 
of the kinase and the calmodulin, we have- introduced as a 
spacer, additional amino acids between the calmodulin 
binding region and the stibstrate sequence. 

TGDJQ^IiSPVGJUUkltinaUkFIAySAAMRFXU 

The peptides were made according to the protocol set oiit 
above in Example 6 on a solid phase using a model 350 
multiple peptide synthesiser. 

In order to demonstrate that the peptide binds to 
calmodulin, we have performed a bandshift assay (Neri et 
aJ.. 1995). A 20/tl reaction was set up containing is^g 
peptide and 12Aig calmodulin in TBSC (SOmM Tris.HCl pH7.4; 
lOOtnM Nacl; imM CaClj) . Sfil of gel loading mix (4g sucrose,' 
2Smg bromophenol blue in lOral) were added, and l3/il of each 
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reaction resolved on a native 16% polyacrylamide gel at 
140V. Neither the gel nor the electrophoresis buffer 
contained SDS (sodium dodecyl sulphate). The gel was 
stained with Coomassie blue. 

The reactions were performed, in different tubes at 30 'c in. 
the labelling buffer (SOinM Hepes pH7.4; lOOrnM NaCl; lOmM 
MnClj; O.SmMNayo,; O.SmM CaCljf lO/ig/ml Pefabloc (Boehringer 
jlannheim) ; 200/iM ATP) . The phage solution (containing the 
amount of transforming units shown in Table 2) was 
preincubated for 20 minutes. The peptide was added to a 
; final concentration of SnM and incubatied for 15 ' minutes . 
Th^ phages were precipitated' by addition of 1/5 volume of 
2.5M NaCl and 20% PEG«oa. put on ice for 15 min and- 
centrifuged for 3 min at 13,000rpm. .. ' 

15 The: phage pellet was resuspended in 0.5ml TBSC. the' 
biotinylated or-phosphotyrosine antibody ^ {-10-« M) was added to 
this suspension and incubated for lo minutes. The 
phage /peptide /antibody complex was transferred to 4.7x10' 
streptavidin coated Dynabeads (M-280; Dynal, Oslo, Norway) 

20 that had been prebloclced with 2% BSA in TBSC. The beads 
■■■■ were carefully washed on a magnet. 5 times with TBSC 
containing O.IV Tween-20 and 5 times with TBSC alone. The 
phages were eluted by adiditioh of 20ii*4 EDTA- in TBS (5 min) 
and were then transferred to a fresh tube. In order to 

25 neutralise the EDTA, 40mM CaClj was added. 

The resulting suspension was used to infect exponentially 
growing TGl -bacteria for 30 min at 37 'C, without shaking. 
The infected bacteria were plated and counted on agar plates 
30 containing ampicillin. The results are shown in Table 2. 

The amount of -phage we used for the selection assay is 
indicated in the input column. After selection the amount 
of phages was determined by infection of colony building 
bacteria (output) . 

35 
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1 Phage 4> 


Input 
(tu/ml)* 


Output 
(tu/ml) 


Enrichment 
ratio+ 


5 


(a) 










0AH1 


6 X 10'** ' 


1 X 10^ 






*SD3 


1 X 10" ' . 


1 X 10^ 


167x 




(b) 






ib 


0AH1 

(With peptide) 


1^5 X 10" 


1.5 X 10* 






(without 

peptide) 


1-5 X 10"^ 


2 X io^ 


7.5X 



15 



20 



♦ transforming units/inl ' 
+ enrichment of 0AH1 over ^SD3 = 
(Out(.^AHl/0SD3)] / (In (^AHl/,^SD3).l . . .= 

The results of the bands^f t assay indicate that .the peptide 
binds to calmodulin. The selection experiment demonstrates 
that a phage displaying a functional kinase can be amplified 
167X oyer a phage enzyme fusion catalysing a different 
reaction (Table 2(a)),. i„ Table 2(b): it can be seen that 
the phage enzyme incubated with the peptide is captured more 
25 efficiently than the phage enzyme missing its specific 
substrate . 

3) Selection o£ active glutathione S-traasferase ea»y»e 
displayed on phage. 

A similar procedure to that described above is applicable to 
30 phage expressing glutathione S-transf erase . A derivative of 
a glutathione S-transf erase (GST) substrate has been 
prepared that is capable of calmodulin binding. 

l-Chloro-2.4-dinitrobenzene is an excellent substrate of 
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GST, which readily reacts with glutathione in a catalysed 
reaction. We have shown that 4-Chloro-3-nitrobenzaldehyde 
iderivatives in which the aldehyde moiety has reacted with a 
primary amine to form a Schif f base is an excellent 
substrate for the same reaction. 

We therefore synthesized a derivative of the calmodulin 
binding peptide CAAARWKKAFIAVSAANRFKKIS initially described 
by Mbntigiani et al. (1996). modified with 4-chloro-3- 
iiitrobenzadehyde (Aldrich. Buchs, CG) in a way that 
preserved the calroodulin-binding activity of the peptide. 

A derivative of the- calmodulin- -binding . peptide 
CAAARWKKAFIAVSAANRFKKIS was used that contains at the M- 
terminus two extra amino acid residues to act as spacers - 
(CGGAAARWKKAFIAVSAANRFKKIS) . The thiol, group of the N- 
terminal cysteine, residue was used for the site-specific 
conjugation to a 4-chloro-3-nitrobe.nzaldehyde derivative, 
obtained by conjugation of. this .aldehyde with 4(4-N-. 
maleimidomethyl) cyclohexane 1-carboxyl hydrazide (Pierce. 
Rockford, IL) . 

The synthesis was performed as described above.. 4-Chloro-3- 
nitrobenzaldehyde (0.24mg, l.ax lOVnol).. . and 4(4-n- 
maleinidomethyl) cyclohexane .l-carboxyl hydrazide (0.19mg, 
6.6x lO-^mnol) were dissolved. in 200ml of DMSO and left at 
room temperature. 

After 30 rain, THIS buffer (0.16rag. 1.3x lo' mmol) dissolved 
in 100ml of water was added to block the unreacted aldehyde 
by formation of a Schif f base (20 min) . 

As a last step, peptide CGGAAARWKKAFIAVSAANRFKKIS (O.SOmg, 
1.9x 10%mol) dissolved in 200ml of water was added to the 
adduct 4-Chloro-3-nitrobenzaldehyde-4 (4-N-maleimidomethyl) 
cyclohexane l-carboxyl hydrazide; this reaction proceeded at 
room temperature for 30 minutes and the reaction product was 
purified by cation exchange chromatography as described by 
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Neri et aj.. 1995 and Montigiani , ec al., 19.96. 

This peptide (loiM) was inqubated with phage in the presence 
of glutathione (GSH; io'm) b'iotinylated at the N-terminal 
5 position. A mixed phag^ population was used, comprising 
phage displaying GST-CaM as gene Ill-product fusion (from 
vector .pSD3) and an equimolar amount of phage displaying 
insulin receptor tyrosine kinase- caM. .as gene Ill-product 
fusion (from vector pAHl) in,lml TBSC containing 2% BSA The 
10 ratio of input phage was. confirmed by infection, of E. coll 
and subsequent PCR screening ,pf single isolated colonies, 
using oligos LMB3 and fdseq 1 (5' .GAATTTTCTGTATGAGG-3 ' ) . 

^^^^"^ 5. minutes incubation. 20% polyethyleneglycol 6000 + 
15 NaCl was.^ded (200^1) a^d the resulting mixture incubated 
on ice for l hour, .before centrifugation on . a bench 
centrifuge (13.000 tpm; 5 minutes). The pellet .was 
resuspended in 1ml TBSC. then 100^1 stretptavidin-coated M280 
.Dynabeads (Cat. no. 112.05; lOmg beads /ml; - DYNAL. Oslo. 
20 Norway).. preblocked in TBSC containing 2% BSA. were added ' 
The tubes were mixed for lo minutes and the magnetic beads 
were captured on a magnet (Cat. no. 120.04; DYNAL) and 
washed 5 times with TB.SC * 0.1% Tween-bo, then 5 times with 
TBSC. 

25 

Phages were eluted with TBSE (5 minutes incubation) 
saturated with calcium, used to infect exponentially growing 
TGI £. coll cells (Gibson. 19B4) . then plated on tye agar 
plates containing lOOmg/ml ampicillin and l% glucose The 
30 ratio of the two phages after selection was obtained by PCR 
screening of single colonies (Marks et al., 1991) . using 
oligos LMB3 and fdseq 1 (5' -GAATTTTCTGTATGAGG-3' ) . 

The results are shown below in Table 3 . The ratio of output 
35 GST-CaM-fd phage compared to IRK-CaM-fd phage was shown to 
be 18:2. This corresponds to a 15-fold enrichment of active 
GST enzyme over the control enzyme inactive in the selection 
reaction. 
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Table 3 





IKPOT 


OUTPUT 


5 


Titre A 

GST-CaM- 

fd 

(t.u./ml) 


Titre B 

IRK-CaM- 

fd 

(t.u./ml) 


Ratio 
A / B 


Rounds of 
Selection 


. Titre 
(t.u./ml) 


Ratio 
A/B 




4.2 X 10"* 


6.5 X X0»<>. 


1:1.5 


1 


3 X 10* 


16:2 



Example 7: Alternative taigging methodologies 

1) Development of phage, expressing mutant scFva. 

To exemplify a tagging methodology that utilises selective 
and .site- specific chemical labeling, rather than binding 
.15 pairs, we displayed on filamentous phage an ScFv derivative 
of antibody D2 , 3 . This antibody was elicited by immunisation 
with the transition state analogue NBP, arid which catalyses 
the hydrolysis of p-nitrobenzyl ester (NBE) . 

Cysteine mutants of this scFV fragment were then generated, 
, 20 at the following six positions in the heavy and light chains 
of the molecule; Threonine H30> Threonine .H31/ Serine H57, 
Serine L27, Serine L56 and Serine L52.' Analysis of the 
structure of a large number of antibodies elicited using 
small synthetic antigens has indicated that these residues 

25 are part of the hypervariable regions yet in most antibodies 
they do not interact directly with the hapten. Moreover, the 
selected residues are solvent exposed in most murine 
antibodies and their modification should, have minor effects 
on the overall structure and activity of the antibody. These 

30 positions are also highly conserved in most murine 
antibodies and hence in phage -antibody libraries based on 
murine sequences. Analogous positions can be identified in 
other antibodies (e.g., human antibodies) and in enzymes. 

The cysteine mutants were constructed using overlapping PCR. 
35 Two fragments were amplified by PC:R with plasmid 
D2.3-pCANTAB (Se-Ho Kim, Ph.D thesis, Weizmann. Institute of 
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Science, 1997) as template using primers carrying each 

mutation. The primers used were as follows: 

Thr30-Back: 

(O^GAC-TTCTGGATACATCTTCIGCAGCTACTGGATTCACTGGGTAAAAC ( the 
codon .encoding for cysSO. is .underlined) and fdSEQi: 

(GAATTTTCTGTATG-AGG) for amplifying one fragment and 
Thr3 0- Forward: (GCAGAAGATGTATCCAGA-AGTGTTG) and 
PCANTAB-SEQI: {TTGGAGATTTTCAACGT^) for.. amplifying the second., 
fragment. 



10 



These fragments were then assembled by a , subsequent PCR 
using primers fdSEQl and pCANTAB-SEQl and plasmid 
.. ,..D2.3-pCANTAB. as template. The: PCR products were purified by 
agarose gel electrophoresis, digested with restriction 
15 enzymes Wcol and Not! and ligated into plasmid pHENl 
.. (Harrison et al.. 1996; Hoogenbdbm et al., 1991) digested 
.. with, the same enzymes.. The resulting plasraids {D2.3-pHEN- ) 
.were transformed into . £. coli-TGl bacterid and phagemid 
particles were produced as described by Harrison et al., 
20 1996. In general, phage titres of all six cysteine mutants 
..■ were low relative to the wild type, yet infectivity was 
• retained. 

. Conditions were optimised so that relatively high titres of 
25 phages displaying active' antibodies cbuld be obtained. Iii 
particular, growing the bacteria " carrying the plasmids 
encoding for the cysteine Mutants (a^ter infection with 
VCS-M13 helper phage) at 25* C gave high titres. The growth 
of bacteria at various temperatures is shoown' in Figure 7 

30 

The phage particles displaying the cysteine mutants of 
•antibody D2.3 were purified by PEG-precipitation and 
analysed by phage-ELISA on NBP-BSA as described above. All 
the cysteine mutants except L27 exhibited binding activity. 
35 Phage mutants L56 and H57 exhibited binding activity that is 
only slightly lower than that observed in the parental D2.3 
phage antibody. The results of the phage ELISA are shown in 
Figure 8. Results are given in optical density at 450 and 



wo 97/40141 



PCT/GB97/011S3 



32 

650 nm at 1:25 phage dilution. 

>. • • • 

The phages carrying the cysteine mutants of D2.3-ScFv were 
used to re-infect E^Coli-TGl isacteria that do not carry the 
^ D2,3-pHEN. plasmid and to produce new particles that carry 
5 D2.3-ScFv (as . demonstrated by. phage ELISA) . Hence, the 
cysteine mutation did not affect . the infectivity of the 
phage particles. 



These results demonstrate that certain conserved residues or 
10 positions that are clos^ to the active site and solvent . 
exposed can be mutated to 'cysteine with the resulting ScFv 
retaining binding activity. The positions modified are 
■conserved in murine antibodies and are hence suitable for 
. .modification not only in a single antibody but also in a 
15 I library that encodes for a larger repertoire . Moreover, 
phage particles that display these cysteine mutants (fused 
to coat protein pi II) are infective and hence a basic 
requirement for selection is met. 

2) Specific, covalent linking of ligands to phage particles 
20 displaying the cysteine mutants of D2.3-ScPv. 

This approach to tagging is based on the intramolecular 
reaction of the enzyme to be selected with a covalent ly 
linked substrate. For this approach to work successfully, 
reagents and conditions must be used under which a 
25 negligible amount of substrate links to wild type phage 
particles, or to phage particles diisplaying an antibody that 
does not carry the cysteine mutation. 

To demonstrate the above, the following samples of phages 
were prepared: wild type phage VCS-M13, VCS-M13 phages 
30 displaying D2.3-ScFv antibody and VCS-M13 phages displaying 
the cysteine mutants either L56, L52 or H57 of D2.3-ScFv 
antibody. Biotin was used as a molecular probe. Linking of 
biotin, or a biotinylated ligand to phages could then be 
easily detected by avidin-phage ELISA as described above. 
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For the labelling experiments, the phages were further 
purified by resuspending the pellet after PEG precipitation 
in 2.5M urea and filtering through a Millipore 300 Kd units. 
Phages were rinsed several tiroes with PBS. pH 7.0 containing 
5 0.1% TWeen-20 (PBS/T) and then with PBS. Phages were removed 
froni the Millippre filters, DTT (10mM> was added and the 
mixture incubated for 20 mih at room teiiq>erature. 

The phages were purified by PEG-precipitation and 
resuspended in 50^1 PBS (10«-10» t.u.). The Biotin-HPDP 
10 reagent (Pierce) was dissolved in DMF. diluted 1:25 in SO/xl 
' PBS and added to the DTT- treated, PEG-purified phages. The. 
mixture was incubated for 20 min at 23 'C or 1 hr on ice. The 
' modified phages were purified by PEG-precipitation (twice) , 
diluted 10-fold in Marvel/PBS and the extent of biotin 
.15 labelling determined by avidin-phage ELISA. 

: Phage ELISA was carrifed out broadly as described above; 

microtitre plates (Nunc; maxisorp) were coated with avidin 

= (Sigma; 2Mg/well in o.i ml PBS buf f er pri7 . 4 ; 14 hr at 4*C). 

The plate was bloc)ced with 2* Mafvel/PBS and phages added. 

20 The number of phages labelled with biotin (and thus bound to 

the avidin-coated plate) was determined as in ordinary phage 
ELISA. ■ 

Results of this assay are given in Table 4 in optical 
density at As6 and 650nm. 



25 
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Table 4 : Modification of. phage particles with Biotin HPDP 





Optical Density (450/650nm) 


HPDP - Biotin: 


Kone 


10 pH 


10 fiM 


100 ftM 


100 
ttM 


Conditions : 


23**-20 min 


23''-2b min 


4*»-l hr 


23"- 20 min 


4*'-l 
hr 


. Phage 




VCS-M13 


0.00 


0.2B 


0.19 


0.75 


1.40 


M13-D2.3 


0.00 




0.22 


0.63 


1.40 


M13-D2.3-CysL56 


0.00 


0.91 


0.30 


1.41 


1.39 


M13-D2.3-CysL52 


0.00 


1.05 \ 


1.08 


1.26 


1.49 


M13-D2.3-Cy3H57 


o.op 


0.75 


0.59 


1.67 


0.B5 



These results clearly indicate that a ligand can be linked 
via the thiol, of a cysteine, residue introduced near, the 

15 active site of a catalytic antibody and displayed on phage. 
Under the conditions described above, the non^-specif ic 
labelling at other residues of the antibody or the phage 
particle is minimal.. The possibility of a trans reaction 
(i.e., the formation of product linked to one phage particle 

20 catalysed by an active site presented by another phage) is 
therefore minimal. 

3) Intramolecular conversion of a linked substrate to give 
a product bound to specific antibodies. 

25 

This selection approach is based upon the covalent linkage 
of the substrate at the vicinity of the active site of the 
enzyme via a flexible linker so that its conversion to the 
product can be catalysed intramolecularly . Phages expressing 
30 a catalytic variant can be selected by binding to antibodies 
that specifically bind this product and that do not cross- 
react with the substrate. 



Structural modelling suggested that a 10.-20A linker should 
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10 



be long enough to link the antibody-bound substrate and the 
thiol group of a cysteine at positions L56, L52 or H57. 

The p-nitrobenzyl ester substrate of antibody D2.3 was 
therefore linked via a 25A linker to a dithiopyridine group 
to allow its conjugation to phage particles carrying the 
cysteine mutants L56, L52 or H57 of ScFv-D2.3. This 
derivative (NBE-HPDP: 

4-NO2-C6H4-CHi2-6-C(=0),- |CW2)3-C(=0) -NH- (CH2) 5-NH-C{=0) -NH- 
{CH2)2-S-S-(2-Pyridine) was synthesised from commercially 
available starting materials by modifying, published 
\ procedures such as described by Tawfik ec al.. 1997 
. . NBE-HPDP was reacted with phage particles carrying the 
. cysteine, mutants L52, .L56 and H57 of antibody D2. 3 using the 
15. procedure described above for the specific labelling with 
Biotin-HPDP (10/iM NBE-HPDP. 20 minutes incubation at 23 'C). 
The. phages were purified by PEG precipitation (twice.; on 
ice) to remove excess., of NBE-HPDP and incubated in Tris 
buffer PH8.0 (50M1; 30 min at 23 '.C) to allow the ScPv-D2.3 
20 displayed on them to catalyse the , conversion of. the 
, , covalently linked NBE substrate. ; into, the corresponding 
. carboxylic acid product 

(HO-C(=0)-(CH2)3-C(=0)-MH-(CH2)5-NH-.G(=O)-NH.(CH2)2-S- 
linked to. SCFV-D2. 3.. displayed on the phage). 

25 

Binding of the phage particles to antibodies . directed 
against the carboxylic acid product of the NBE substrate was 
then determined by phage ELISA as follows; microtitre plates 
were coated with goat anti-rabbit antibodies (Sigma, 

30 . 2.5/ig/well in O.iml phosphate buffer pH7.4; 2hr at room 
temperature) and then treated with rabbit serum, that binds 
the carboxylic acid product of the NBE substrate with high 
specificity and affinity (Tawfik et ai . . 1993) . Bound phage 
particles were detected with antibodies against M13 phage 

35 labelled with peroxidase as described by Harrison ec al 
1996. 

The results of this assay indicate that the cysteine mutants 
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modified with NBE-HPDP bind to the anti -product antibodies 
coated on the plate. In control experiments, phage particles 
displaying the cysteine mutants and modified with NBE-HPDP 
in the presence of IOOmM of the soluble NBP hapten (which is 
5 ,a potent inhibitor of D2 . 3 ; Tawf ik et al., 1997) showed 
•significantly lower binding. The inhibition of the ELISA 
signal by the OTP hapten indicates that the conversion of 
the covalently-linked NBE substrate into the corresponding 
product was indeed catalysed by the phage -displayed 
10 SCPV-D2.3C Moreover, the background signal observed in the 
.presence of phage particles displaying just D2,3, or phage 
particles displaying the', cysteine mutants that were not 
modified with NBE-HPDP, was signif idantly loWer. 



15 



20 



This demonstrates that the substrate can be covalently 
linked at the vicinity of the active site of a catalytic 
antibody via a flexible linker and intramolecularly 
converted to product. This results in the specific binding 
-of those phage particles displaying the catalytic antibody 
to asntibodies that bind that product. 
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Claims 

1. A method of isolating an enzyme having a desired 
chemical or biological activity the method comprising:- 

a) linking the enzyme to a substrate for the enzyme , 

b) reacting the enzyme and substrate such that a 
product is produced which remains linked to the 
enzyme; and 

c) isolating the enzyme by selectively isolating the 
product linked to the enzyme. 

2, A method according to claim 1 in which the enzyme and 
substrate are linked via a binding pair. 

i. A method according to claim 2 in which the binding pair 
comprise a calcium dependent binding polypeptide and a 
ligand thereof. 

I. A method according to claim 3 in which the calcium 
dependent binding polypeptide and ligand thereof 
comprise calmodulin or a derivative of calmodulin, and 
a calmodulin ligand, or derivative thereof. 

A method according to any one of claims 2 to 4 in which 
the binding pair bind with a dissociation constant (K^) 
of lOnM or less, measured at a pH of between 6 and 9 at 
20*C. 
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5 8. 



20 14 , 



15. 



25 16 



6. A method according to claim 5 wherein the dissociation 
constant is inM or less. 

7. A method according to claim 1 in which the polypeptide 
and substrate are linked covalently. 

A method according to any one of the preceding claims 
wherein the enzyme is linked to. the DNA sequence 
encoding the enzyme. 

A method, according. to claim 8, wherein the support is 
a bacteriophage particle. 

A method, accprding. to any one of > the preceding claims 
wherein the enzyme is isolated by binding the product 
linked to the enzyme to a solid matrix. 

A method . according to claim lo. wherein the solid 
matrix is suitable for* biopanning. 

A method according to claim lo wherein the solid matrix 
is suitable for affinity chromatography. 

13. A method according to claim 10, wherein- the product is 
bound to the solid matrix by an antibody bound to the 
solid matrix. 

A method according to claim 10 comprising a further- 
step of dissociating the enzyme from the product agent. 

A method according to claim 10 wherein the dissociation 
of enzyme from the product is achieved by the use of a 
calcium chelator. 

A method according to any one of the preceding claims 
wherein the enzyme is produced in an expression 
library. 
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A method according to any one of the preceding claims 
wherein the enzyme is produced by mutagenesis of a 
30 nucleic acid sequence. 
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18. A method of isolating DNA encoding an enzyme 
comprising: 

a) linking the enzyme to a substrate for the 
enzyme ' . 

b) reacting the enzyme and substrate such that a 
product is produced which remains linked to the 
enzyme; iand 

c) isolating the enzyme by selectively isolating 
the product linked to the enzyme; 

wherein the enzyme is . further linked to DNAV 
encoding, the . enzyme. 

19 > A composition comprising an enzyme linked to a. 
substrate for the enzyme or linked to a product of the. 
reaction between the enzyme and the substrate. 
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